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the molecular features governing the host–guest equilibrium might aid in the design and practical appli-
cation of the resulting inclusion complexes. In this Letter, we present a new topological parameter based
on simple trigonometric considerations to be used to monitor subtle host–guest inclusion events along
the molecular dynamics trajectory. The new topological descriptor, called vector-l, was applied to
amphetamine@a/b-CD inclusion complexes, providing interesting insights on the host–guest
equilibrium.
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Inclusion complexes with cyclodextrin (CD) have been exten-
sively studied both experimentally and theoretically [1,2]. There
are many reasons for the considerable interest in these molecules,
including their importance for industry [3], catalysis [4,5], analyt-
ical chemistry [6] and material sciences (and molecular machines)
[7,8] as well as for basic science as prototypes for understanding
intermolecular interactions and supramolecular chemistry
[9–18]. In this sense, one very important step towards the practical
application of the resulting complexes is the complete character-
isation of the ﬁnal product and its properties as well as the molec-
ular description of the host–guest interaction pathway.
Molecular modelling can add to the experimental insights by
providing information regarding the structures, stability and
dynamics of the inclusion complexes [9–20]. Commonly, molecular
dynamics (MD) approaches are more suitable for mapping the con-
ﬁguration space of the interacting systems and for accounting for
solvent effects and thermodynamics conditions [21–23] due
to the high ﬂexibility of the host–guest complex. The challenge is
to treat the large amount of data, which require statistical tools
to average the properties of interest. For the structural determina-
tion, which is the primary goal of MD studies, global topological
parameters are available and have been applied to follow the equi-
librium convergence, including the root-mean-square-deviation
(RMSD) and the gyration-radius (Rg). Although the usefulness of
these descriptors is recognised, they do not provide precise infor-Santos).
sevier OA license.mation concerning the subtle events along the MD trajectory, such
as the inclusion and non-inclusion equilibria. Therefore, the pro-
posal of new topological parameters is always welcomed in supra-
molecular chemistry. In the present study, an intermolecular
descriptor, vector-l, is proposed to elucidate subtle dynamic
events in the host–guest inclusion complexes with CD hosts. This
parameter differs from those available by explicitly considering
the relative position of the interacting species. Thus, it is able to
probe inclusion and non-inclusion processes within the host cavity
and to allow for the deﬁnition of a new concept called ‘aggregation
space’, which refers to the volume around the CD molecule where
the guest must exist to form a molecular complex. This complex
might be considered a pre-bound stage for the inclusion processes.
In general, the concept of ‘aggregation space’ can be applied to any
supramolecular complex and may provide insight into the relation-
ship between stability and the spatial region of interaction. In the
following sections, the formalism and deﬁnition of vector-l is pre-
sented in detail, followed by a case study of R,S-amphetamine (R,S-
amph) and a-, b-CD interactions. Classical MD simulations were
performed for distinct host–guest arrangements, and a discussion
of the results addresses the structures, energies and trajectories
for the inclusion phenomena, which clearly show the usefulness
of vector-l to map the inclusion events.
2. Theoretical details
2.1. Deﬁnition of vector-l
The vector-l parameter is deﬁned using the relative position of
the host and guestmolecules. Therefore, a few simplemathematical
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space’. The CD, as shown in Figure 1, can be viewed as a cone section
with a wide rim and a narrow rim. The inner part of the cavity is
formed by the glycoside oxygen and H3 and H5 atoms. As a ﬁrst
assumption, the volume of the ‘aggregation space’ will be deﬁned
by the sphere of radius equal to the average diameter of the wide
face of the CD cavity (2~D), as shown in Figure 2 by the blue circle.
It should be noted that, for long periods (t !1), the average value
of j~Dj should be constant. In Figure 2, the vector~s is deﬁned as con-
necting points O0 and P, where O0 is the centre of the ‘aggregation
sphere’, and P is any point over the guest molecule (in the present
study the point P is on the C4 atom of the aromatic ring of amphet-
amine). Using the topological vectors shown in Figure 2a and b,
vector-l can be deﬁned as ~l ¼ ~Dþ~s, where j~Dj is always assumed
to be constant. Two slightly distinct formulae can be used to set up
vector-l. In the general case (Figure 2a), the law of cosines is ap-
plied to obtain the modulus of vector-l as in Eq. (1).
j~l1j ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
j~sj2 þ j~Dj2  2j~sjj~Dj cos h
q
ð1Þ
For a particular case (Figure 2b), where \O0OP angle is close to
90 the law of the cotangent and the angleX, which is the ‘recogn-
ising angle’ deﬁned by the points O0PP0, where O0 and P0 are two
opposite glycoside oxygen atoms, can be used. Thus, from the vec-
tors ~D;~s and the angle X, the modulus of vector-l is calculated
according to Eq. (2).
j~l2j ¼ j~Dj cotX2 ð2Þ
The ﬁrst assumption (Eq. (1)) depends essentially on the host–
guest radial position (vector ~s) and therefore, is useful to monitor
the approach and releasing of the guest molecule to/from the
‘aggregation space’. However, within the ‘aggregation space’, j~l1j
does not change much, once ~s is almost constant in this region.
Nonetheless, Eq. (2) is quite sensitive to the host–guest relative po-
sition and can be used to identify events within the ‘aggregation
space’ where the inclusion complex is actually formed. It is impor-
tant to note that the X/2 angle ranges from 0 (guest out of the CD
cavity, either far apart the ‘aggregation space’ or over the CD sur-Figure 1. A schematic representation of the CD structure, where n = 6 for a-CD, and n =
here, namely ‘a’ and ‘b’, are also shown.face) to 90 (guest inside the CD cavity) and thus, j~l2j increases
quickly as the guest molecule leaves the CD cavity (X/20), even
if it keeps within the ‘aggregation space’.
The previous equations are based on the precise deﬁnition of
the modulus of vector ~D, which should include the location of
the geometric centre of the wide rim of the CD. For a CD with an
even number of glucose molecules (i.e., a-CD and c-CD), the loca-
tion of the geometric centre is straightforward but for b-CD, which
has seven glucose units, new trigonometric considerations are re-
quired. Some key geometric parameters are presented in Figure
2c, where the diameter 2~D ¼ D0 þ De. Using the angle b, Eq. (3)
can be obtained.
De
D0
¼ tag2 b
2
ð3Þ
Using the relationship D0 ¼ Dw cos b2, the modulus of the radius ~D
can be written as Eq. (4).
j~Dj ¼ Dw
2
sec
b
2
: ð4Þ
Despite the dependence on Dw and b, the radius of the CD is
nearly constant during the simulation. Thus, vector-l for this par-
ticular case is calculated according to Eqs. (1) and (2). The previous
equations were implemented using a Fortran routine that reads the
whole MD trajectory and calculates all of the topological parame-
ters as well as the ﬁnal vector-l. The program is available from
the authors upon request.
2.2. MD simulation
The initial host–guest arrangements are illustrated in Figure 1,
following the proposal of Raffaini et al. [24–26] and Kamigauchi
et al. [27] in which both molecules (host and guest) are set up
slightly separated from each other at the beginning of simulation
but within the ‘aggregation space’. Therefore, it is expected that
the inclusion will occur naturally with time for favourable pro-
cesses. The R- and S-amph isomers were used as guests, and a-
and b-CD, which contain six and seven glucose units, respectively,
were used as hosts. The interaction between these molecules is7 for b-CD. The amphetamine structure and the distinct modes of inclusion studied
Figure 2. The deﬁnition of the ‘aggregation space’ (blue circle) and the topological vectors used for the construction of vector-l. (a) The general method for calculating vector-
l using the law of cosines – ~l1. (b) The deﬁnition of vector-l using the law of the cotangent – ~l2, which is useful for the detection of subtle host–guest equilibrium. (c) The
geometric considerations for calculating j~Dj for b-CD.
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mers of amphetamine derivatives using chromatographic tech-
niques under optimised conditions, where buffer concentration,
pH, temperature, chiral selector concentration (i.e., CD) and ap-
plied voltage (in the case of electrophoresis) are optimised using,
for instance, chemometric approach [28]. Thus, in addition to val-
idating our methodology by analysing the overall aggregation pro-
cesses, the results presented here also accounted for potential
recognition mechanisms based on the host–guest interactions.
Only the 1:1 (R,S-amph:CD) complexes with four distinct guest ori-
entations were considered, including a@H, a@T, b@H and b@T,
where ‘a’ and ‘b’ represent the guest arrangement relative to the
CD head (H) and tail (T) faces (see Figure 1).
All of the structures were submitted to the MD simulations
using the Macromodel software [29], following the appropriate
protocol for inclusion systems containing CD [30]. The MD runs
were performed with the AMBER⁄ force ﬁeld [31,32] using cut-off
radii of 8 and 20 Å for the van der Waals and coulombic electro-
static interactions, respectively. All of the C–H and O–H bond
lengths were held constant using the SHAKE algorithm [33]. The
simulations were performed in the presence of an isotropic dielec-
tric using the molecular mechanics/Poisson–Boltzmann surface
area (MM–PBSA) continuum model approach at 300 K (dielectric
constant, e = 78.39). The heating phase (from 50 to 300 K) required
1500 ps, and the production phase was 5000 ps in length. Both
phases employed a step equal to 1.5 fs.3. Results and discussion
The topological parameters used to calculate vector-l are pre-
sented in Table 1. The modulus of vector ~D, which is shown inthe second column of Table 1, corresponds to the radius of CD,
and its value can provide a rough approximation of the experimen-
tal external radii [6] (6.9 Å (a-CD) and 7.7 Å (b-CD)). For the free a-
CD and its inclusion complexes, the radius ranged from 4.24 to
4.40 Å. For each trajectory, this value was nearly constant with a
standard deviation smaller than 0.01 Å. For b-CD, the average value
was approximately 5.10 Å and was nearly constant over the MD
simulation. When compared to the actual values, the predicted val-
ues are approximately 35% smaller and might be partially justiﬁed
by including the van der Waals radius of the oxygen atoms
(1.52 Å). With this correction, the predicted CD radius is 5.8 Å for
a-CD and 6.6 Å for b-CD, which is only 15% smaller than the exper-
imental values. It is also important to remember that CDs have
water molecules inside the cavity in the solid state, which in-
creases the size of the cavity [34]. It is also important to note that
h +X/2, as shown in Table 1, is close to 90, which means that the
guest molecule is on average aligned with the main axis of CD. It is
an important feature for probing the subtle host–guest interaction
events over the MD trajectory, as discussed below.
For the inclusion complexes with b-CD, the value of j~sj was al-
ways smaller than 7 Å with a standard deviation along the whole
trajectory of approximately 0.02 Å. This result indicates that the
guest is always within the ‘aggregation space’, which is a sphere
with a radius of 10.2 Å for the b-CD host. For a-CD, the ‘aggregation
space’ sphere is smaller than for b-CD and has a radius equal to
8.48 Å. Then, according to the values in Table 1, for the most of
the amph@a-CD complexes, the guest molecule is located out of
the ‘aggregation space’, which means that the inclusion com-
pounds are not formed. The only complex with a value of j~sj that
was lower than 8.48 Å was the S-amph-a@a-CD-H complex
(8.33 Å), which suggests a more stable complex. Two other com-
plexes, R-amph-a@a-CD-H and R-amph-a@a-CD-T, are also pre-
Table 1
Topological parameters averaged throughout the entire MD trajectory.
hj~Dji/Å hj~sji Å hX=2i/ hhi/
a-CD 4.24 ± 0.01 – – –
b-CD 5.10 ± 0.01 – – –
a-CD
R-amph-a@H 4.38 ± 0.01 9.21 ± 0.03 26.28 ± 0.03 62.7 ± 0.2
R-amph-b@H 4.359 ± 0.003 18 ± 15 39.7 ± 0.9 55.6 ± 0.8
R-amph-a@T 4.227 ± 0.001 8.79 ± 0.01 23.5 ± 0.1 71.3 ± 0.7
R-amph-b@T 4.2587 ± 0.0002 642 ± 20 20.3 ± 0.5 78.1 ± 0.2
S-amph-a@H 4.3142 ± 0.0007 8.33 ± 0.03 32.0 ± 0.2 56.4 ± 0.1
S-amph-b@H 4.4011 ± 0.0004 58 ± 29 44 ± 1 45.3 ± 0.8
S-amph-a@T 4.2895 ± 0.0004 1169 ± 50 13.8 ± 0.3 85 ± 5
S-amph-b@T 4.2749 ± 0.0007 84.4 ± 0.9 28.1 ± 0.6 64.5 ± 0.9
b-CD
R-amph-a@H 5.11 ± 0.01 5.80 ± 0.01 62.0 ± 0.1 27.5 ± 0.1
R-amph-b@H 5.12 ± 0.01 6.66 ± 0.02 49.7 ± 0.1 40.3 ± 0.3
R-amph-a@T 5.10 ± 0.01 6.789 ± 0.002 49.5 ± 0.2 41.62 ± 0.02
R-amph-b@T 5.119 ± 0.002 5.68 ± 0.03 62.8 ± 0.2 27.6 ± 0.1
S-amph-a@H 5.0933 ± 0.0003 6.14 ± 0.02 56.8 ± 0.1 32.35 ± 0.02
S-amph-b@H 5.101 ± 0.003 6.68 ± 0.01 49.59 ± 0.07 40.0 ± 0.1
S-amph-a@T 5.095 ± 0.003 6.50 ± 0.02 51.3 ± 0.1 38.4 ± 0.1
S-amph-b@T 5.08 ± 0.01 5.99 ± 0.02 58.7 ± 0.1 31.6 ± 0.1
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equal to 9.21 and 8.79 Å, respectively. These complexes were also
found to be stable throughout the MD trajectory.
In addition to the well-established topological descriptors Rg
and RMSD, Table 2 reports the modulus of vector-l calculated
according to Eqs. (1) and (2). The average interaction energies
are also provided for the stable complexes, which are within the
‘aggregation space’ at the end of simulation. In general, the values
for the four topological parameters exhibit the same trends
throughout the series of inclusion compounds studied (i.e., small
values for more stable complexes and much larger values for the
structures whose guest is found far away from the host and out
of the ‘aggregation space’) (see data in Table 2). The Rg and RMSD
are represented in Figure 3 along with the trajectories calculated
for all of the inclusion compounds. For the inclusion complexes
with b-CD, in which all of the structures were found to be stable,
these parameters do not vary signiﬁcantly from the average value.
The interaction energy for the b-CD complexes ranges from 34 to
49 kJ mol1, and the b@H and a@T conﬁgurations were found to
be very close in energy (48 ± 2 kJ mol1) regardless of the isomer.
Therefore, b-CD is not stereoselective for the R- and S-amph mole-Table 2
Calculated values of vector-l and the standard topological descriptors, Rg and RMSD. The
Systems hj~l1ji/Å hj~l2ji/Å
a-CD
R-amph-a@H 8.26 ± 0.01 10.29 ± 0.01
R-amph-b@H 17 ± 16 22 ± 16
R-amph-a@T 8.46 ± 0.04 11.87 ± 0.01
R-amph-b@T 642 ± 20 779 ± 17
S-amph-a@H 7.07 ± 0.04 8.921 ± 0.002
S-amph-b@H 56 ± 29 94 ± 29
S-amph-a@T 1242 ± 48 1303 ± 46
S-amph-b@T 83.5 ± 0.5 95 ± 1
b-CD
R-amph-a@H 2.859 ± 0.005 2.795 ± 0.006
R-amph-b@H 4.35 ± 0.01 4.46 ± 0.01
R-amph-a@T 4.6 ± 0.1 4.51 ± 0.03
R-amph-b@T 2.71 ± 0.02 2.73 ± 0.03
S-amph-a@H 3.37 ± 0.02 3.43 ± 0.02
S-amph-b@H 4.35 ± 0.02 4.47 ± 0.02
S-amph-a@T 4.092 ± 0.007 4.192 ± 0.009
S-amph-b@T 3.23 ± 0.02 3.22 ± 0.02cules. It should be clear that the previous statement is based on the
energetic analysis of isolated host–guest complex, not including
any experimental conditions like concentration, pH, applied volt-
age, etc. For the complexes with a-CD, only three arrangements
are predicted to be stable, and the S-amph-a@H and R-amph-a@T
structures exhibit the lowest interaction energies (28 kJ mol1).
The R-amph-a@H complex was also stable but approximately
10 kJ mol1 higher in energy than the other two stable structures.
From Figure 3c, we note that all a-CD complexes are stable for up
to half of the trajectory, with those in the b@H arrangements (pink
and red lines) found to be stable for a longer time regardless of the
isomer.
A previous analysis shows that the S-amph-a@H and R-amph-
a@T structures of the a-CD complexes are almost degenerate.
However, these complexes have distinct host–guest topologies
(i.e., a@H and a@T) that might be considered to be a recognising
mechanism of CD, but the inclusion process should not be useful
for the separation of the isomers from the mixture under the ideal
conditions (isolated molecules within a isotropic and continuous
dielectric at 300 K). With respect to b-CD, the structures R,S-
amph-b@H and R,S-amp-a@T were found quite stable. In this case,average interaction energies hDEinti are also included.
hRgi/Å hRMSDi/Å hDEinti/kJ mol1
5.64 ± 0.01 2.83 ± 0.03 18.9 ± 0.7
8 ± 5 3.18 ± 0.05 
5.609 ± 0.001 2.33 ± 0.03 27 ± 1
206 ± 6 230 ± 7 –
5.515 ± 0.002 2.75 ± 0.03 28.8 ± 0.8
21 ± 9 21 ± 11 –
397 ± 15 447 ± 17 –
29.21 ± 0.09 29.5 ± 0.3 –
5.8131 ± 0.0001 1.29 ± 0.01 43 ± 2
5.8146 ± 0.0002 1.328 ± 0.001 48 ± 1
5.822 ± 0.001 1.59 ± 0.01 48 ± 1
5.809 ± 0.001 1.3702 ± 0.0005 42 ± 2
5.8048 ± 0.0005 1.594 ± 0.004 38 ± 2
5.811 ± 0.001 1.343 ± 0.001 49 ± 2
5.807 ± 0.001 1.266 ± 0.003 47 ± 2
5.818 ± 0.002 1.7234 ± 0.0007 34 ± 2
Figure 3. Topological parameters, RMSD (a and b) and Rg (c and d), calculated for the a- and b-CD complexes. For amph@b-CD complexes both parameters are almost
constant throughout the MD trajectory, indicating stables structures. Nonetheless, for amph@a-CD complexes some arrangements are not stable as shown by the divergent
lines.
Figure 4. j~lj1 and j~l2j calculated for stable complexes with a- (a and b) and b-CD (c and d). The red line in (a and b) represents the non-stable complex, R-amph-b@a-CD-T,
which is included as an example. In (b), the peaks are assigned for the R-amph-a@a-CD-T complex using the snapshots presented in Figure 6. Note that arrangement 5 (i.e.,
the most stable for the R-isomer) is always present in the equilibrium processes.
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moreover, the process is not stereoselective. The similar mode of
inclusion is a consequence of the larger cavity of b-CD, which can
accommodate both isomers in the same way regardless of the
orientation.
Figure 4 shows the behaviour of vector-l along the MD trajecto-
ries for all of the stable complexes and for the R-amph-b@a-CD-T
complex, which was not stable after 3000 ps (see Figure 4a). For
the b-CD complexes, the inclusion compounds are predicted to
be quite stable, and the modulus of the ~l1 and ~l2 vectors are
nearly constant and lower than 10 Å, which indicates that the
guest is within the ‘aggregation space’ during the entire simulation
time (see Figure 4c and d). Figure 5 provides several snapshots of
the b-CD complexes, showing the preferred inclusion mode with
the aromatic ring of the amphetamine pointed towards the pri-
mary hydroxyl rim (a@T and b@H). Due to the size of the b-CD cav-
ity, the initial a@T and b@H conﬁgurations lead to the same ﬁnal
structure. This ﬁnding is in agreement with the interaction ener-
gies in Table 2, which are very close for the a@T and b@H struc-
tures regardless the isomer. Interestingly, for the a-CDcomplexes (Figure 4a and b), the proﬁles of vector-l along the
MD trajectories are slightly distinct from those calculated for the
b-CD complexes. We found that the average values of ~l1 are within
the ‘aggregation space’ (i.e., j~l1j < 9A). However, when j~l2j is ana-
lysed, a new result is observed for the a-CD complexes. As shown
in Figure 4b, j~l2j oscillates signiﬁcantly, indicating subtle inclu-
sion/non-inclusion processes. In Figure 6, several snapshots are
shown for the R-amph-a@a-CD-H complex, which is used here to
illustrate the structural dynamics along the MD trajectory. The
equilibrium processes represented in Figure 6 are detected as sets
of peaks in Figure 4b and might be described as subtle inclusion/
non-inclusion events because the guest is always within the
‘aggregation space’. The processes are fast on the time scale of
the simulation, and many structures are involved in a short period.
This is indicated in Figure 4b for some of the sets of peaks using the
ﬁve arrangements provided in Figure 6 (structures 1–5). In Fig-
ure 4b, structure 5 (a@T) is involved in all of the equilibrium pro-
cesses, and it is the most favourable for the R-isomer, as shown in
Table 2. Thus, the equilibrium in Figure 6 is shifted in the direction
of the R-amph-a@a-CD-T conﬁguration. It is important to realize
Figure 5. The snapshots selected for the R,S-amph@b-CD complexes. The interaction energies are also shown.
Figure 6. The snapshots selected for the R-amph-a@a-CD-H(T) complexes, showing the dynamics of the structure along the MD trajectory. The numbers included are used in
Figure 4b to assign some sets of peaks. The values of X/2 (in degrees) and j~l2j (in Å) are also included for each snapshot selected.
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does not mean the inclusion complexes are not stable. It suggests
the guest molecule is not inside the host cavity all the time, but
undergoes fast inclusion/non-inclusion processes, with the guest
found out of cavity for few picoseconds, close to the a-CD surface,
within the ‘aggregation sphere’, i.e., X/20. For the R-amph-a@a-
CD complex the average X/2 angles was 26.2 indicating that the
guest molecule is most of time aligned to the main CD axis. For
the corresponding b-CD complex, the average X/2 angle was
62.0, which is due the fact the guest is closer to the b-CD wider
rim.
In short, we propose that vector-l is a useful topological
descriptor for monitoring the aggregation events in the host–guest
inclusion processes with CD, in particular, the second deﬁnition
(Eq. (2)) is quite sensitive to the host–guest relative position.Therefore, from the analysis of j~l2j along the MD trajectory, subtle
inclusion/non-inclusion equilibrium processes can be probed and
used to provide insight into the host–guest interaction on the
molecular level. For instance, in the case study described here,
we showed that the a-CD inclusion complexes are less stable than
the corresponding b-CD complexes, and this ﬁndings reﬂects on
the structural dynamics found for the former complexes (Figure 6).
These equilibrium processes are clearly seen in the j~l2j  t plot as
sets of peaks (see Figure 4b). The analysis of j~l2j may also be used
in molecular modelling studies for selecting structures from a MD
trajectory for subsequent calculations (quantummechanical level),
such as the calculation of electronic properties. When the equilib-
rium is predicted in this case, which is similar to the a-CD com-
plexes analysed here, more than one snapshot must be taken for
further calculation to account for the structural dynamics on the
106 W.T.G. Novato et al. / Chemical Physics Letters 524 (2012) 100–106average calculated properties. In contrast, for stable complexes,
such as the amph@b-CD complex, only one equilibrium structure
is needed to represent the equilibrium. Therefore, the choice of
the number of structures (and which structures) to use can be
made on a quantitative basis with vector-l.
4. Concluding remarks
The present Letter described a new topological parameter that
is useful for analysing the host–guest inclusion processes for CD.
The vector-l parameter is a relative molecular descriptor that is
quite sensitive to the host–guest spatial position and allows for
subtle aggregation events to be monitored by following this
parameter along the MD trajectory. We also proposed the new con-
cept of ‘aggregation space’, which refers to the region in the space
around the host where the guest must be to form a host–guest
molecular complex. As a ﬁrst approach, we proposed that the
‘aggregation space’ was a sphere of radius j2~Dj, where j~Dj is the ra-
dius of the wide rim of CD (j~Dj = 5.8 and 6.6 Å for a- and b-CD,
respectively). This should be useful for quantitatively characteris-
ing the instant of inclusion complex formation (i.e., when vector-
l is smaller than 2j~Dj).
This methodology was applied to a case study involving the R,S-
amph isomers and a- and b-CD. For b-CD, we found that all of the
complexes proposed were stable with an interaction energy of
approximately 48 kJ mol1 for both of the isomers. The inclusion
modes were a@T and b@H, where ‘a’ and ‘b’ represent the side
chain and aromatic ring of the amphetamine, and ‘T’ and ‘H’ are
the tail and head rims of CD. For these complexes, the modulus
of vector-l is nearly constant and smaller than 10 Å, suggesting
the formation of a reasonably stable complex that keeps the guest
within the ‘aggregation space’ throughout the entire simulation.
When a-CD was used as a host, only three complexes were pre-
dicted to be stable with an interaction energy of approximately
28 kJ mol1. Interestingly, due to the low stability of the inclusion
complexes, an equilibrium is detected by following vector-l, which
accounts for the a@H? a@T process. For this system, the b@H
arrangement is not stable and is observed as an intermediate be-
tween the structures mentioned. We also showed that the two def-
initions of vector-l, ~l1 and ~l2, must be used in a complementary
way, where ~l2 is much more sensitive and able to detect subtle
inclusion/non-inclusion equilibrium events. From a chemical point
of view, we can conclude that isolated CD is not efﬁcient at sepa-
rating the R,S-amph isomers because their inclusion complexes ex-
hibit essentially the same stability. However this conclusion might
be changed if experimental conditions are accounted for, namely
host and guest concentrations, pH, temperature, etc. For the a-
CD complexes, we found that the S-isomer interacts through the
head side, and the R-isomer interacts through the tail side but with
the same interaction energy. Therefore, even though the a-CD is
able to recognise the R- and S-isomers, it is not able to separate
them from the mixture. Finally, the vector-l molecular descriptor
would substantially aid the analysis of MD results by selectingthe most relevant conﬁgurations to be used as input for subse-
quent quantum mechanical calculations.
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